Extracts of Saccharomyces cerevisiae were used to develop a cell-free system capable of converting the (-carbon of serine into the methyl group of methionine. No requirement for either S-adenosylmethionine or S-adenosylhomocysteine could be demonstrated for net methionine biosynthesis. Growth of the cells in B12 did not affect the reaction. The mechanism for the methylation of homocysteine in yeast appears to be similar to the non-B12 system in Escherichia coli.
Unlike most other microorganisms, yeasts accumulate large quantities of S-adenosylmethionine (7, 18, 21) when grown in the presence of methionine. The enzyme S-adenosylmethionine synthetase is present in yeast even when grown without exogenous methionine (16) . As a part of the study on the role of S-adenosylmethionine in the metabolism of yeast, an attempt was made to obtain auxotrophs with a specific requirement for S-adenosylmethionine (17) . Of several hundred auxotrophs tested for growth on this compound, all responded as well to methionine as to S-adenosylmethionine. One group of mutants, however, grew only if supplied with methionine (17) . The enzyme S-adenosylmethionine-homocysteine methyltransferase mediates the synthesis of methionine from the two named substrates and has been shown to be present in yeast (19) . These observations suggested the possibility that S-adenosylmethionine was an intermediate in methionine biosynthesis and an investigation was started to assess the role for S-adenosylmethionine in the biosynthesis of methionine in yeast.
In various enteric organisms, two alternate pathways have been demonstrated for the methylation of homocysteine in methionine biosynthesis, one requiring B12 and a second functioning without B12 (2, 6, 14) . The B12 system requires S-adenosylmethionine in catalytic amounts, anaerobic conditions, and either 5-methyltetrahydrofolic acid or its triglutamyl derivative. The non-B12 system requires only Mg++ and the triglutamyl derivative of 5-methyltetrahydrofolic acid (6, 8, 9) .
Since yeasts are known to lack vitamin B12 (10), any involvement of S-adenosylmethionine in methionine biosynthesis must be in a role distinct from the role of this compound in the bacterial systems studied. (3) .
S-adenosylmethionine was obtained from commercial sources and was converted from the iodide salt to the chloride salt by passage through a short column of Dowex-l Cl-with elution by water. The concentration of both S-adenosylmethionine and S-adenosylhomocysteine was determined spectrophotometrically.
Homocysteine was prepared from the commercially available thiolactone by adjusting the pH to 8.5 to 9.0 with KOH. The thiolactone was allowed to hydrolyze at room temperature for 10 min and the pH was then adjusted to 7.0 with HCl. D,LHomocysteine was used rather than L-homocysteine because the unresolved isomers had less contaminating methionine.
Boiled cell extracts were prepared from Fleischman's bakers' yeast. Dried yeasts were ground to a fine powder and were then combined with water (1 g of yeast to 5 ml of water) in a screw-capped test tube. The tube was then placed in boiling-water bath for 1 min. The cell debris was removed by two successive centrifugations: the first at 2,000 X g for 5 min to remove the coarser materials, and a second centrifugation of the supernatant fluid (from the first step) at 15,000 X g for 10 min. The boiled cell extract had a negligible amount of methionine, less than 30 mmmoles/ml.
Methionine to 12 m,umoles of methionine per mg of protein.
Protein was determined by the method of Lowry et al. (13) .
All chemicals used in the experiments were of the highest quality available and were used as they were received from commercial sources unless otherwise noted. Reactants of the cell-free reaction mixture were made up in 10-ml quantities and were stored frozen.
The incorporation of the ,B-carbon of serine into methionine was determined by chromatographic techniques. After boiling and centrifuging out the protein, samples were spotted on Whatman no. 1 chromatography paper. Ascending chromatography was used with butanol-acetic acid-water solvent (60:25:15). After the solvent front had migrated 30 cm, the chromatogram was dried. Radioactivity was determined by cutting the clhromatogram into rectangles (1 X 2 cm), placing the rectangles into vials with 5 ml of a dioxane scintillation fluid (1), and counting in a liquid scintillation spectrometer. The synthesis of S-adenosylmethionine in the cellfree reaction was determined in the same way, except the reaction was terminated by placing the reaction tubes in an ice bath.
The reaction mixtures were incubated under a N2 atmosphere in 1 2-ml conical-bottom centrifuge tubes at 33 C for 3 hr. Reactions were terminated by boiling for 1 min. Protein was removed by centrifugation.
RESULTS
The requirements for terminal reactions of methionine biosynthesis, the methylation of homocysteine, by cell-free extracts of yeast are shown in Table 1 . Essential for optimal synthesis of methionine as measured by biological assay are: phosphate buffer; a substrate for a reducing system; a pyridine nucleotide; flavin adenine dinucleotide (FAD); pyridoxal phosphate; magnesium ion; a factor from boiled extract of yeast; serine; homocysteine; and cell-free extracts. The requirements for the reducing system are shown in Table 2 . Either glucose-6-phosphate or ethyl alcohol with nicotinamide adenine dinucleotide or nicotinamide adenine dinucleotide phosphate was found to be effective in the reaction mixture. In this cell-free system, tris-(hydroxymethyl)aminomethane buffer cannot be substituted for phosphate buffer.
Yields in the cell-free system varied with the age of the cell extracts. Yields of 70 to 110 m,umoles of methionine per mg of protein were considered typical. The yields from the purified extracts were little different from those obtained with crude extracts, and, with the exceptions of FAD and the unidentified factor present in the boiled cell extract, the requirements for maximal activity were virtually identical for the two types of preparations. Rigorous anaerobic conditions BOTSFORD AND PARKS 20 imoles of D,L-homocysteine, and 3.4 mg of crude cell extracts or 3.1 mg of partially purified cell extracts (termed "purified" above). Adenosine triphosphate, when present, was added in a quantity equal to 10 pmoles. The final volume was 2 ml. None + 10,moles of re-79.0 duced nicotinamide adenine dinucleotide A different preparation of partially purified cell extracts was used in each experiment. Substrates were present in 10-pumole quantities. The reaction mixture, with the exception of the addition for the reducing system, was as noted in Table 1. b Yields are expressed as net miumoles of methionine/mg of protein.
were not required, although vigorous aeration reduced the amount of product formed.
The (-carbon of serine is incorporated into the product under the conditions of the cell-free reaction (Table 3) .
To determine whether S-adenosylmethionine was accumulated during these experiments, 600 mpumoles of D ,L-methionine-2-14C were added to the reaction mixture. After 3 hr, samples were withdrawn and the components of the reaction mixture were separated by paper chromatography. The profile of the radioactivity in the separated components was then determined and plotted (Fig. 1) . As may be seen from the figure, there is no peak in the profile corresponding to S-adenosylmethionine, which has an R, value of less than 0.1 in the solvent system used. The only radioactivity appears at an RF value corresponding to methionine. Methionine is not converted into S-adenosylmethionine under the conditions of the cell-free reaction.
S-adenosylmethionine can serve as a methyl donor for the methylation of homocysteine under the conditions of the cell-free reaction, but only in high concentrations and in the absence of serine (Table 4) .
To determine whether S-adenosylmethionine or S-adenosylhomocysteine was involved in the methylation reaction in very small quantities, a series of experiments were performed using small quantities of these two compounds as supplements for the reaction mixture. The results of one of these experiments are shown in Table 5 . The five control reactions without S-adenosylmethionine or S-adenosylhomocys- Table 1 shows that there is no requirement for either S-adenosylmethionine or S-adenosylhomocysteine, even with the partially purified cell extracts in the biosynthetic reaction catalyzed by the cell-free extracts. Similarly, as can be seen in Table 5 , additional S-adenosylmethionine or S-adenosylhomocysteine does not stimulate the reaction. Throughout the course of the experiments, varying amounts of either S-adenosylmethionine or S-adenosylhomocysteine, or both, were added to some of the reaction mixtures, and never was consistent stimulation of the reaction observed. Tables 2 and 4 show that an S-adenosylmethionine-generating system, methionine (present as a contaminant of homocysteine, or added as a supplement), and adenosine triphosphate did not stimulate the biosynthesis of methionine. Table 4 shows that there is S-adenosylmethionine-homocysteine methyltransferase activity in the cell-free reaction mixture. The methyl donor, S-adenosylmethionine, must be present in relatively high concentrations to function in the reaction. Perhaps of more significance is that these data show a mutual antagonism between serine and S-adenosylmethionine in the reaction. When both compounds are present, yields of methionine are lower than when either is absent.
Several attempts have been made to characterize the factor present in the boiled cell extracts which stimulate the reaction. It is not S-adenosylmethionine, since this compound is destroyed under the conditions of the preparation of the boiled extracts (15) . Charred boiled cell extract has no activity, so the factor is organic. Boiled cell extract could not be replaced by tetrahydrofolic acid. The active factor, like that present in boiled extracts of E. coli (6, 8, 9, 20) is retained at neutral pH by Dowex-I formate, Dowex-50 H+, and by diethylaminoethyl cellulose. It seems likely that this factor is a polyglutamyl derivative of folic acid, as recent experiments indicate that the diglutamyl derivative of N5-methyltetrahydrofolic acid will serve to methylate homocysteine (E. Burton and W. Sakami, Federation Proc. 26: 728, 1967), and as various polyglutamyl derivatives of folic acid have been isolated from yeast (20) . The requirements for the terminal reactions in methionine biosynthesis are thus quite similar to the analogous reaction in Escherichia coli (9) . Wagner et al. (23) , have shown that a methyl group can be transferred from a sulfonium compound (trimethyl sulfide) to a reduced folic acid cofactor. The possibility exists that the sulfonium compound S-adenosylmethionine could also methylate a folic acid cofactor. However, our data do not support any involvement of free S-adenosylmethionine at any point in the biosynthetic pathway. While S-adenosylmethionine might be very tightly bound to the enzymes involved and function in a catalytic rather than an intermediate capacity, the B12 mammalian systems and E. coli systems, which require S-adenosylmethionine in a catalytic capacity, also require exogenous S-adenosylmethionine or an S-adenosylmethionine-generating system (9, 11, 24) 
